The introduction of bulky ammoniums into methyl ammonium lead iodide hybrid perovskites (MAPbI 3 ) has emerged as a promising strategy to improve the properties of these materials. In the present work, we studied the effects of several aromatic ammoniums onto the structural, electronic, and optical properties of MAPbI 3 . Although powder XRD data suggest that the bulky cations are not involved in the bulk phase of the MAPbI 3 , a surprisingly large effect of the bulky cations onto the photoluminescence properties was observed.
Introduction
Organic-inorganic lead halide perovskite materials have been attracting increasing attention due to the soaring solar-toelectric power conversion efficiency [1] [2] [3] [4] . Their exceptional properties, including long diffusion length, high carrier mobility, weak exciton binding energy [5] , widely tunable bandgap, and high extinction efficiency [6] , render them ideal and outstanding materials for applications in light-emitting diodes [7, 8] , field effect transistors [9] , and water photolysis besides solar cells [10] .
Among the family of organic-inorganic hybrid perovskite, three-dimensional perovskite, in the formula of ABX 3 , has emerged in the area of photovoltaic devices. A typical 3D perovskite is comprised of a three-dimensional network of corner-sharing BX6 octahedrons while A cations are filling the resulting 12-fold coordinated holes among the periodical octahedrons. During the past few years, many efforts have been made to vary the B cations [11] [12] [13] and the X anions [14] [15] [16] [17] . In order to obtain a 3D perovskite structure, the sizes of the ions should satisfy a certain requirement named as tolerance factor, which can be determined by the semiempirical formula:
where , , and refer to the radii of , , and ions, respectively. Generally speaking, 0.78 < < 1.05 should be satisfied for perfectly packed perovskite [18] , resulting in the fact that, for given and ions, the choice of cations is limited. Hence, the tuning of cations is still relatively unexplored to date compared with that for and .
Recent work indicates that mixed-cation lead halide perovskites, in which small methyl ammonium (MA) cation and another bulkier organic ammonium cation are used, can lead to various intriguing properties. Mei et al. [3] . managed to obtain perovskite with low defect concentration as well as better device performance by mixing MA and 5-aminovaleric acid (5-AVA) cations presumably due to the ability of the bifunctional 5-AVA to induce a better film growth at the meso-TiO 2 /perovskite interface. Yao et al. [19] perovskite solar cells with smooth, ultrahigh surface coverage films through mixing polyethylenimine (PEI) and MA cations. Given the size limitation of the coordinated holes, these bulky cations usually replace the MA cations in the surface and anchored into the inorganic framework by an ammonium group (Figure 1 ), similar to the structure described in the work by Yang and coworkers [20] .
This promising recent progress highlights the importance of tuning the organic cation of perovskites for the improvement of photoelectronic devices made of perovskite materials. However, due to the lack of systematic studies for the effects of the cations, several important fundamental questions remain unanswered. Specifically, the influence of the diverse organic cations may make onto-key properties such as the crystal structure, the band structure, and luminescence characters remain unclear.
Herein, we report our studies for mixed-cation perovskites using aromatic ammoniums with various linkers between the aromatic ring and the ammonium cation. In particular, a surprising effect of the bulky cations onto the photoluminescence (PL) properties is disclosed. Three ammoniums, including anilinium (A), benzyl ammonium (BA), and phenethyl ammonium (PEA), were probed ( Figure 2 ).
Experimental Procedures

Synthesis of Amine Salts.
The CH 3 NH 3 I was synthesized by reacting 25 mL of CH 3 NH 2 and 10 mL of HI in a 100 mL round-bottom flask at 0 ∘ C for 2 h with stirring. The precipitate was collected using a rotary evaporator through carefully removing the solvents at 50 ∘ C. The as-obtained product was redissolved at 70 ∘ C in ethanol and left cooling for 12 h. The final CH 3 NH 3 I was collected by filtering the cooling solution and dried at 60 ∘ C in a vacuum oven for 24 h. The C 6 H 5 NH 3 I, C 6 H 5 CH 2 NH 3 I, and C 6 H 5 C 2 H 4 NH 3 I were synthesized following the procedures of the synthesizing of CH 3 NH 3 I.
Synthesis of Perovskite Materials.
The mixed-cation materials were obtain through a mortar-and-pestle grinding method where a 1 : 1 : 2 molar ratios of MA iodide, aromatic ammonium iodide, and lead iodide were mixed and ground for 30 minutes. During the grinding processes, the powder mixture turned from yellow to dark yellow, then brown, and finally black with shining facets typically seen for perovskites. For convenience, these materials were abbreviated as AMA, BAMA, and PEAMA, respectively. For the sake of accuracy, all the experiments were conducted three times.
2.3.
Characterization. X-ray powder diffraction measurements were performed on the Bruker AXS D2 Phaser using Cu-K radiation ( = 1.54050Å) with the following measurement conditions: tube voltage of 30 KV, tube current of 10 mA, step-scan mode with a step size of 0.02 ∘ , and counting time of 1 s per step. Optical diffuse-reflectance measurements were performed on the Agilent Cary 5000. Scan electron microscope images were recorded by Carl Zeiss Supra 55 Sapphire FESEM. Photoluminescence (PL) steady measurements were performed by Horiba Fluorolog3 setup with the PL signals detected by the photomultiplier tube (PMT) detector. Photoluminescence decay measurements were performed in time correlated single photon counting (TCSPC) with 100 MHz delta diode laser as the excitation.
Results and Discussion
The scanning electron microscopy (SEM) images (Figure 3) indicate that all three materials are essentially composed of nanoparticles with the sizes roughly on the order of tens of nanometers. In spite of the presence of 1 equivalent of the bulky cations, the powder XRD patterns (Figure 4) show broad main peaks (2 ) close to 14.1 ∘ , 28.5 ∘ , 31.9 ∘ , 40.5 ∘ , and 43.0 ∘ for all three materials, which can be ascribed to (110), (220), (310), (224), and (314) for tetragonal MAPbI 3 perovskite, respectively [21] [22] [23] , indicating that the aromatic ammoniums are not involved in the bulk phase of the MAPbI 3 . Apart from the main phase, minor peaks corresponding to PbI 2 and RNH 3 I are also observed. According to Scherrer formula, the average grain sizes for AMA, BAMA, and PEAMA are estimated as 16.0 nm, 13.9 nm, and 8.1 nm, respectively, consistent with the SEM results. These different sizes seem to suggest that the growth of the grains may be controlled by the rate of the reaction between the aromatic ammonium and MAPbI 3 . Since the coverage of the grain boundary by the bulky ammonium cations can stop its further growth, the bulky cations with stronger steric hindrance (A > BA > PEA), which is mainly determined by the group directly connected with the ammonium, should result in Journal of Nanomaterials larger grain sizes due to their slower reaction rates. As such, the grain size decreases as the distance between the bulky phenyl ring and the ammonium decreases (A < BA < PEA).
The bandgap of the samples can be determined from diffuse-reflectance measurements. All three materials exhibit intense optical absorption with abrupt edges similar to 3D MAPbI 3 perovskite in the visible region ( Figure 5 ). According to Kubelka-Munk equation, the optical absorption coefficient ( / ) can be calculated:
where is percentage of reflected light while and are the absorption and scattering coefficients. By extrapolating the line part of the [ ( ) ⋅ ℎV] 2 versus ℎV plot, the bandgaps of the materials are obtained ( Figure S1 , in Supplementary Material available online at https://doi.org/10.1155/2017/1640965). The bandgaps of the samples are 1.58 eV, 1.59 eV, and 1.61 eV for AMA, BAMA, and PEAMA, respectively. The bandgaps of these mixed-cation perovskites are all different and larger than that of MAPbI 3 (ca. 1.51∼1.52 eV) [21, 23, 24] , indicating that organic cation has a great influence on the material's bandgap even though they are not allowed to enter the interior lattice of the MAPbI 3 perovskites. Interestingly, the bandgap increases as the distance between the phenyl group and the ammonium group increases (A < BA < PEA).
The steady-state photoluminescence spectra are shown in Figure 6 (a). The strong PL peaks, centered at about 790 nm, are slightly red-shifted from the optical band edge with little stokes shift, suggesting the recombination of the photoinduced electrons and holes near the band edge [25] . Surprisingly, a dramatic effect of the bulky cations on the PL intensity is observed even though they tend to appear on the grain boundaries. The PL intensity for AMA is the lowest while that for BAMA it is the highest. The large steric hindrance of anilinium distorts the structure significantly, presumably creating defect states and quenching the luminescence. Comparing BAMA and PEAMA, the lower PL intensity of the latter might be attributed to its relatively higher degree of freedom that leads to more pathways for nonradiative decay of the excited states. Furthermore, the emission spectra are very narrow, with the full-width at half-maximum (FWHM) of all about 40 nm (BAMA 37.0 nm, PEAMA 38.9 nm, and AMA 39.1 nm). Given the positive correlation between the values of FWHM and the density of defect states or shallow trapping levels [26] , BAMA appears to contain the least defect states among all three materials, in accordance with its highest PL intensity.
The time-resolved PL measurements are shown in Figure 6(b) . Triexponential fits were performed to quantify the carrier dynamics since biexponential function could not fit the curves well. Each of the materials shows a combination of three decay dynamics (Table 1) . Pure MA perovskites typically display two-exponential decay dynamics, a longer-lifetime process for a bulk component and a shorter-lifetime one for a surface trap state component [21] . Analogously, we assign the longest-lifetime process of all three mixed-cation materials to the bulk component. This lifetime may reflect the competition between the radiative and nonradiative pathways inside the materials [27] . The longer the lifetime (BAMA > PEAMA > AMA), the less the nonradiative recombination sites it has, in line with the relative PL intensity (BAMA > PEAMA > AMA). The two shorted-lifetime processes might be attributed to different surface trap states corresponding to Journal of Nanomaterials MA and the bulky cation, respectively. The relative contribution of each lifetime was calculated and listed in Table 1 .
Conclusions
In conclusion, we disclose a simple method to prepare MAPbI 3 perovskites in the presence of a bulky cation. Although the probed bulky cations are too large to fit into the coordinated holes of three-dimensional perovskites and tend to stay on the grain boundaries, a remarkable effect onto the bandgaps and the PL properties is observed. These results indicated the great potential of using the mixed-cation approach to tune the properties of perovskite materials.
